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EXPERIMENTAL AND NUMERICAL ANALYSIS OF THE FLOW INSIDE A CONFIGURATION INCLUDING AN AXIAL PUMP AND A TUBULAR EXCHANGER
In centrifugal and axial pumps, the flow is characterized by a turbulent and complex behavior and also by physical mechanisms such as cavitation and pressure fluctuations that are mainly due to the strong interactions between the fixed and mobile parts and the operating conditions. These fluctuations are more important at the tip clearance and propagate upstream and downstream of the rotor. The control of the fluctuating signal amplitudes can be achieved by incrementing the distance between the components mentioned above. This paper presents experimental and numerical results concerning the operation of a configuration that includes an axial pump and a bundle of tubes that mimics the cool source of a heat exchanger. The pump used in the tests has a low solidity and two blades designed in forced vortex, the tip clearance is approximately 3.87% of tip radius. The experimental measures were carried out using a test bench built for this purpose at the DynFluid Laboratory which was accomodated conveniently with a variety of instruments. Firstly, the characteristic curves were drawn for the pump at 1500 rpm and then a set of measurements concerning the use of pressure sensors was done in order to recover for different flow rates the static pressure signals upstream and downstream the pump and the exchanger. The pressure fluctuations and the performance curve were compared to the numerical results. The numerical simulations were carried out by using a Fluent code, the URANS (Unsteady Reynolds Averaged Navier-Stokes) approach and the k-ω SST turbulence model were applied to solve the unsteady, incompressible and turbulent flow. To record the fluctuating pressure signal, virtual sensors were necessary and placed at the same positions as in the experiments. 
I. INTRODUCTION
The design of an efficient, quiet and reliable axial-flow pump is a challenge for the designers nowadays. The main difficulty is the existence of various geometrical parameters that have a direct influence on the hydraulic performance. A solution to this problem is to analyze and better understand of the flow field inside the rotating and stationary parts with the help of numerical simulations and experimental tests. It is well known that an axial pump generates a complex flow field which is characterized by the presence of physical mechanisms and pressure fluctuations. In this kind of pump configuration, the relative motion between the rotating and stationary part causes strong interactions that are mainly associated to the blade passing frequency and are more important close to the tip clearance in the case of axial pumps and close to the tongue for centrifugal pumps. A potential reduction of these interactions can be achieved by varying the distance between the fixed and the mobile parts of the configuration.
Many research works have been done in the domain of axial pumps covering the cavitation, pressure fluctuations and design methods. The influence of the tip clearance was reported by Mitchell [1] who investigated experimentally an axial pump. This work pointed out the existence of a critical tip clearance below which surface cavitation at the blade tip occurs first and above which hal-00505772, version 1 -3 Sep 2012
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vortex cavitation due to the clearance flow occurs first. Laborde et al. [2] found an optimum clearance geometry to eliminate clearance cavitation through the study of cavitation patterns under different operations and geometrical conditions. The influence of these cavitation patterns were determined by cavitation tests on an axial flow pump by Horie et al. [3] . Over a wide range of operating conditions, a little change of pump head was observed when the cavitation on the blade surface was developed considerably. Others researchers analyzed the effects of guide vanes and rear stator. Kaya [4] experimentally studied two different axial flow pump impellers with and without guide vanes. Using guide vanes, the total pump efficiency was increased by about 3%. Gao et al. [5] investigated the effects of including a rear stator on flow fields using for his studies two water-jet pumps with and without a rear stator. They found a good agreement with the experimental results with improvement on the static pressure and the efficiency. Not much work has been done to establish a relationship between cavitation development and the pressure fluctuations of an axial-flow pump. Saito [6] investigated the change in pressure fluctuations spectrum due to cavitation and pointed out that it mainly depends on the tip clearance cavitation development. Fu-jun et al. [7] analyzed the flow in axial-flow pump through transient simulations and large eddy simulation (LES), obtaining the pressure fluctuations under various operation conditions. The maximum amplitude takes place at the inlet of impeller and they increases from hub to tip, but decreases at the middle area. The fluctuation becomes stronger as the flow rate is far from optimum operation point.
Another important factor of an axial pump is the blade design. Vad et al. [8] numerically compared two axialflow pump rotors designed in free vortex and non-free vortex design having identical basic geometrical and flow rate parameters. He concluded that non-free vortex design is an efficient method to increase the specific performance but as a drawback, the risk of cavitation also increases. On the other hand, for the non-free vortex rotor the efficiency drops more intensely with increase of tip clearance and the noise level may be lower than for the free vortex rotor. A similar work was done by Ida [9] with experiments on a forced-vortex impeller in an axial flow fan without inlet vanes, assuming that the axial velocity component is uniformly distributed from hub to tip.
Numerical calculations using CFD codes are an important tool to accurately predict the axial pump behavior. Miner [10] used a commercial code to compute the flow field within the first stage impeller of a two stage axial flow pump, showing that the numerical results closely matched the shapes and magnitudes of the measured profiles. Other examples are the works of DeSheng et al. [11] who simulated using Fluent code the flow field of a high efficiency axial-flow pump. He found that the static pressure on pressure side of rotor blades increases slightly at radial direction, and remains almost constant in circumferential direction at design conditions, while it increases gradually from inlet to exit on suction side along the flow direction. The experimental results showed that the inlet flow is almost axial and the prerotation is very small at design conditions. Concerning the configuration formed by an axial pump and a tubular heat exchanger, the understanding of the flow behavior does not seem to be clear especially when the analysis is focused on the pressure fluctuations and the cavitation in the region upstream of the exchanger. The current paper presents an experimental and numerical investigation of the interaction between an axial pump and a bundle of tubes that mimics the cool source of a heat exchanger. The experimental measurements were the static head rise, the pressure fluctuations upstream and downstream the rotor for different flow rates. The axial flow pump used for the experiments was a particular rotor of low solidity, two blades and the tip clearance is about 3.87% of tip radius. On the other hand, numerical simulations were carried out using the URANS (Unsteady Reynolds Averaged Navier-Stokes) approach and the k-ω SST turbulence model were applied to solve the unsteady, incompressible and turbulent flow. In the unsteady calculations, virtual sensors were used to recover the fluctuating pressure signal at the same positions as in the experiments.
II. GEOMETRICAL CONFIGURATION AND OPERATING CONDITIONS
For this study, the configuration is based on an axialflow pump and a bundle of tubes hereafter designated by the expression "tubular exchanger" though no heat is actually exchanged in the reported works. It can be placed at several distances downstream of the pump (see figure 1 ) in order to study the influence of this distance on the level of pressure fluctuations. In this Paper, results for only one position are reported.
The test loop was conditioned with some instruments positioned conveniently to measure the static pressure, flow rate, electric power and pressure fluctuations. The rotor used has a particular geometry and low solidity. It has two blades designed in forced vortex and presents an important tip clearance. The main geometrical characteristics of the reference pump and flow parameters are summarized in table 1.
III. COMPUTATIONAL DOMAIN AND NUMERICAL PROCEDURE
In order to compare the numerical and experimental results, the domain for the calculations was obtained from the original geometries of the test bench used during the experimental measurements. The calculation domain extends from the suction and discharge pipe (see figure  2) . To avoid any influence of boundary limits, they were hal-00505772, version 1 -3 Sep 2012 appropriately extended to let the flow develop, ensuring numerical stability and minimizing boundary conditions effects. On the other hand, it is clear that the presence of complex geometries such as the rotor and the aspiration components will make the mesh hybrid. So, the entire domain was divided into various sub-domains. Thus, the regions considered are the suction pipe, rotor, tip clearance, tubular exchanger and discharge pipe. For the parts before the rotor and after the exchanger, the mesh types is a mixture of tetrahedral and hexahedral elements. Concerning the fluid volume of the rotor, the mesh was refined around the blades and the elements were tetrahedral. In the case of the tip clearance which has the shape of a ring, the elements considered were hexahedral following the flow direction, with 20 cells in the radial direction. The exchanger region is modeled by equidistant hexahedral cells distributed in the z direction. A mesh independency study was not made because of the significant number of components, but the retained mesh size was considered sufficient and its distribution adequate to validate the final results. The flow modeling was achieved by Fluent code based on the finites volumes method. The equations governing the fluid such as the continuity, momentum and turbulence equations were solved for the steady calculations in the moving reference frame and the sliding mesh technique was applied for the unsteady calculations, allowing to simulate the three-dimensional flow inside the pump and the interactions between the rotor and the external casing. The turbulence effects was simulated by using the k-ω SST model and the boundary limits imposed are an uniform normal velocity at inlet and the outflow condition at the outlet domain. The time dependent term scheme was a second order implicit. The pressure-velocity coupling is performed using the SIMPLE algorithm "Semi-Implicit Method for Pressure Linked equations". Second order, upwind discretization is used for convection terms and central difference schemes for diffusion terms. The time step for the unsteady calculations has been set to 1.104 s that will allow to have a good resolution in time and a good frequency resolution. Please note that it is also the experimental data acquisition rate. The simulations are carried out by doing a steady simulation to construct the performances curves and using then the output as an initial condition for the unsteady simulations. To investigate local boundary layer variables, the mesh used in the rotor is not the most adequate given the complexity of the geometry, but the global ones are well calculated.
Thus, approximately 2.5 million cells were used for the steady and unsteady calculations which will be validated by the experimental results. The table 2 summarizes the cells number employed for each region of the complete configuration considered for the modeling and the figure  3 shows some details of the grid on the rotor and the exchanger. On the other hand, a relatively large amount of time steps are required to pass the transient and to achieve a stable periodic solution. Virtual sensors were placed in the same positions as they were on the test 
IV. EXPERIMENTAL FACILITY
The experimental tests were carried out at the DynFluid laboratory. For this purpose, an experimental test facility was designed and adapted to the existing installation which is composed of two independent but interconnected loops: one for centrifugal pumps and another for axial pumps. The test bench is shown in figure 4 . The axial-flow pump loop used for this investigation consists of:
• Two storage tanks with a capacity of 4 m 3 that can be filled and emptied using two electrical butterfly control valves that are also used to adjust the flow rate accurately.
• A liquid ring vacuum pump that controls the pressure at the free surface inside the two storage tanks.
• An electromagnetic KROHNE flowmeter placed downstream of the axial pump (accuracy ± 0.5 m 3 /h).
• A 22 kW alternative motor powered by a frequency inverter to drive the tested axial pump at different rotational speeds (accuracy ±0.05 kW).
• A magnetic tachometer to measure the rotational speed (accuracy 0.1%).
• A transparent acrylic cover in the zone of the axial pump to observe the flow and others aspects like the cavitation development.
• A centrifugal pump to drive the fluid toward the axial pump when it is necessary. It is situated about
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5 50 pipe diameter upstream of the axial pump, and is mounted between two DilatoFlex elements in order to attenuate the propagation of pressure fluctuations.
• Metallic differential manometers backed up by piezoresistive pressure sensor (accuracy ±3 mBars).
• A temperature probe (accuracy 1%): the average temperature during the tests was 18 o .
• Four pressure sensor PCB Piezotronics (Model 106B51) that are flush-mounted and placed at various positions upstream and downstream of the rotor (see details in figure 5 ).
i) Sensor c1 positioned approximately at a distance 119.6 cm from the rotor (leading edge).
ii) Sensor c2 positioned approximately at a distance 14.4 cm from the rotor (leading edge).
iii) Sensor c3 positioned approximately at a distance 54.4 cm from the rotor (leading edge).
iv) Sensor c4 positioned approximately at a distance 88.9 cm from the rotor (leading edge).
V. EXPERIMENTAL AND NUMERICAL RESULTS GLOBAL PERFORMANCES CURVES
The first series of measurements concern the overall performances at 1500 rpm for the configuration without the tubular exchanger. For this purpose, experimental and numerical tests were carried out to determine the operating point. The static pressure measurements were made at a distance upstream of the rotor (leading edge) of 132.1 cm and a distance downstream of the rotor (leading edge) of 116.9 cm. Figure 6 presents the global stationary pump performances compared to the experimental measurements. For the Q H curve the trend is the same for the numerical and experimental results, but the experimental curve is approximately 0.2 m higher than the numerical curve. Concerning the hydraulic efficiency, there is a very good agreement for flow rates below 150 m 3 /h. Above this flow rate, there is a strong discrepancy which will have an influence on the determination of the nominal point. Thus, the numerical nominal point does not match with the experimental one. The numerical point is 145 m 3 /h and 0.83 m and the experimental one is 210 m 3 /h and 0.54 m. The differences can be explained by the lack of precision on the electric power measurement and differential pressure. Other reason of the static pressure difference would be that the rotor geometry is particular and differs from that obtained by the manufacturing process. Please also note the very peculiar geometry of the pump, with low solidity and high stagger angle. Visualisation using cavitation have confirmed that the flow is adapted at a flow rate of 210 m 3 /h in the experiment.
FIG. 6. Comparison between the numerical and experimental results of characteristics curves

VI. PRESSURE FLUCTUATIONS
A series of measurements was performed for the configuration with axial pump and the other including the pump and the tubular exchanger. Concerning the single pump, three flow rates (50 m 3 /h, 100 m 3 /h and 145 m 3 /h) were tested and information about pressure signals were recorded and compared. In the tests, four pressure sensors (c1, c2, c3 and c4) were distributed upstream and downstream of the rotor (see figure 5 for details). The figure 7 shows the comparison of frequency spectra obtained from the four sensors at different flow rates. The first impression of the results reveals that the spectra are different between the pressure sensors. There is a small peak at F R = 25 Hz that could be linked to a small unbalance in the system. The main peak is at the blade passing frequency F BP = 50 Hz and the analysis is focused on this peak. Its amplitude is high at inlet pump (sensor c1), but it decreases as we move away from the pump (sensor c4) at any flow rate. The apparition of peaks at frequencies lower than F BP is due to the centrifugal pump which was used to ensure the flow rate to the axial pump. On the other hand, it can be seen that for the four sensors c1, c2, c3 and c4 the fluctuations increase when the flow rate begins to rise from 100 m 3 /h to 145 m 3 /h.
The influence of inlet conditions were studied for the configuration single pump in order to determine the importance of pressure inlet. So, some measurements of pressure for a flow rate of 92 m 3 /h were made and compared when the axial pump works with the centrifugal pump and when it works alone. In this case, the flow rate mentioned was the maximum we could obtain from the circuit with the axial pump operating. The inlet pressure without centrifugal pump was approximately -105 mBar and with centrifugal pump it was -30 mBar. From the figure 8, which was obtained by a FFT analysis, we can point out specially at F BP some differences in relation to pressure amplitudes. In most of sensors except sensor c2, the amplitudes are lower when the centrifugal pump is operating in this way varying the suction pressure and the turbulence intensity. Thus, the importance of inlet conditions is manifested by the pressure fluctuations results that could be considered when performing experimental tests and secondly a solution to decrease pressure fluctuations instead of having to do modifications to the geometry.
In order to establish a relation between pressure fluctuations and the position of the exchanger. Two positions were tested, position 1 which corresponds when the exchanger is near to the pump (exchanger between sensor c2 and c3) and position 2 when the exchanger is far from the pump (exchanger between sensor c3 and c4). The exchanger was fixed adequately to prevent movement during operation of the circuit. The flow rates tested were two (145 m3/h and 210 m 3 /h). First, considering a flow rate of 145 m 3 /h (see figure 9) , the spectra indicate a reduction of amplitudes in sensor c1 placed upstream the hal-00505772, version 1 -3 Sep 2012 axial pump and also for c2 located downstream the pump but before the exchanger. Taking into account the sensor before and after the exchanger, we can perceive that the exchanger plays the role of an attenuator reducing the pressure amplitudes (see for example sensor c3 for position 1 and c4 for position 2). Comparing sensor c4, it can be noted that the amplitudes showed reveals the differences because in position 1 of exchanger, c4 is far of the exchanger discharge and in position 2 of exchanger it is located just off the exchanger.
At 210 m 3 /h, the results in figure 10 show that the fluctuations are reduced for sensor c1 placed before the pump, however the sensors downstream the pump have different behaviors depending of the exchanger position. For example, the fact of moving away the exchanger does not improve the fluctuations rather they worse in sensor c2. The differences in spectra of sensor c3 are due because in position 1, it is just after the exchanger and in Concerning the influence on pressure fluctuations of the configuration including or not the exchanger has been made. In the figure 11, we can see the influence of the exchanger in the pressure field measured by four sensors at 145 m 3 /h. For sensor c1 and c2, it is clear the influence of the exchanger disturbs and increase the fluctuations being lower when the exchanger is not considered. In relation to the sensors c3 and c4, the amplitudes are lower than those when the pump works alone due mainly to the exchanger which plays the role a attenuator.
It can be seen that the spectral analysis shows various peaks at several frequencies related to the rotating frequency and also to blades number and their harmonics. To model the pressure fluctuations, unsteady calculations were necessary. The convergence of these type hal-00505772, version 1 -3 Sep 2012 of calculations is achieved approximately in various rotor revolutions to obtain a periodic unsteady solution specially of the static pressure and also other revolutions to get enough data to have a good frequency resolution concerning the frequency analysis. In this way, the instantaneous static pressure was recorded by virtual sensors placed at the same positions as the test bench. Then the pressure signals were analyzed and processed using the Fast Fourier Transform (FFT) with a Hanning Window as they were in the experimental measurements. The lack of time to let the simulations converge specially for the sensors placed downstream the rotor was an inconvenient to show all the numerical results in order to compare to experimental ones. So in this way, the recorded values of sensor c1 were confronted with the experimental values. The figure 12 illustrate the comparison between numerical and experimental signals, showing the differences at F BP of 8 decibels.
VII. CONCLUSIONS
Numerical and experimental tests were carried out at DynFluid Laboratory. For this purpose a test bench was built and coupled to the centrifugal pump loop. It was accommodated with several instruments to measure static pressure, electric power and pressure fluctuations. The study concerned a configuration including an axial pump and a bundle of tubes. Four sensors were distributed upstream and downstream the pump. In the numerical simulations, virtual sensors collected the fluctuating pressure signal in the same positions as the experimental ones. The following conclusions can be retained:
i) The experimental nominal point (210 m 3 /h) does not match with the numerical one (145 m 3 /h).
ii) The highest fluctuations occur upstream the rotor and increase with the presence of the exchanger.
iii) Placing the exchanger after the rotor allows to decrease pressure fluctuations at outlet, but increase those at inlet.
iv) The use of the centrifugal pump to ensure the flow rate to the axial pump modifies the inlet conditions. So, in this way a pressure fluctuations reduction will be detected when the axial pump is fed by the centrifugal one. Further numerical investigations with inlet boundary conditions that mimics this effect would be of great interest.
